We discuss the polarization-resolved intensity noise characteristics of a transverse single-mode vertical-cavity surface-emitting laser (VCSEL). Measurements by a sensitivity-enhanced lock-in amplifier detection scheme yield only an imperfect anticorrelation between the strong and the weak orthogonally polarized fundamental modes. Yet the total emission shows amplitude squeezing of 0.4 dB below the shot-noise level. Unlike for transverse two-mode emission, a perfect anticorrelation between the two polarization modes is not necessary for generation of amplitude-squeezed emission in a transverse single-mode VCSEL, in agreement with theoretical predictions.
However, experiments have also revealed that amplitude squeezing is obtained in only few devices, a fact that has been attributed to excess noise, and the study of its relevant mechanisms is currently a field of intensive research. In general, mode partition, anticorrelations, and coupling mechanisms among various modes make major contributions to the noise characteristics when emission into multiple modes is present. The importance of anticorrelation between the main lasing mode and longitudinal side modes for low noise or amplitude-squeezed emission has already been demonstrated in edge emitters. 6 -8 Because of their special geometry, VCSELs inherently operate in a single longitudinal mode but can exhibit a rich variety of transverse as well as polarization modes. 9 Studies of multitransverse-mode VCSELs have demonstrated a complex noise and correlation behavior of the transverse modes 10 in which even spatial aspects seem to be of importance. Amplitude-squeezed emission from transverse two-mode or multimode VCSELs has been reported and explained by almost perfect anticorrelation among the modes. 2, 5 Also, squeezing in a transverse single-mode VCSEL has been demonstrated, 3, 4, 12 however without consideration of the role of the polarization modes. The significance of the two nearly degenerate orthogonal polarization modes for the total emission noise has been shown experimentally only once to our knowledge; however, squeezing was not achieved. 13 This excess noise has been attributed to insuff icient anticorrelation between the polarization modes.
Here we demonstrate that imperfect anticorrelation between the two polarization modes is a characteristic of a transverse single-mode VCSEL and does not prevent the generation of amplitude-squeezed emission. For this purpose we present a polarization-resolved intensity noise analysis and study of the correlation of the two polarization modes, and we discuss the results that were obtained in the context of a two-mode noise model. 14 The VCSEL, which was provided by Honeywell AG, Germany, is an oxide-confined structure with a 3-mm aperture, emitting at 840 nm. The laser exhibits a threshold current I th of 0.25 mA and an excellent single-mode characteristic with more than a 35-dB transverse side-mode suppression ratio up to a pump current of 5 mA. The maximum quantum efficiency is 25%. The emission consists of a dominant p-polarized fundamental mode and a weak orthogonally s-polarized fundamental mode that is suppressed by 22 dB. This emission characteristic is typical for a practical small-aperture VCSEL. The two polarization modes are spectrally split by 2.5 GHz as a result of birefringence.
The experimental setup ( Fig. 1 ) is based on a direct detection technique. The VCSEL is driven by an ultralow-noise battery source. The emitted light is collimated, passed through a polarizer (Pol.; extinction ratio, .40 dB), and collected by a PIN photodiode (150-MHz bandwidth) with a quantum eff iciency of 95%. Together with losses during collimation, this process yields an overall detection quantum efficiency of 90%, which is suff iciently high that noise detection is not significantly affected. The spectral noise power of the photocurrent is measured with a bias tee and a rf amplifier by an electronic spectrum analyzer (ESA). Care is taken to ensure that there is no optical feedback of relevant inf luence into the laser and no power saturation of the photodiode. Shot-noise normalization is achieved by comparison with a thermal light source (halogen lamp) whose shot-noise characteristics have been verif ied by several experiments. Because the weak polarization of the VCSEL is strongly suppressed, it is necessary to detect and calibrate the noise of light with only a few microwatts of optical power. Therefore we use a lock-in amplif ier (Lock-In) as proposed in Ref. 15 to extract the optical noise to be distinguished from the much stronger electronic noise of the setup. The noise of the halogen lamp measured with this technique shows an excellent linear dependence on the power of the incident light from 10 mW to 1 mW, demonstrating both the required sensitivity of the lock-in amplif ier-supported setup and the shot-noise characteristics of the halogen lamp. The accuracy of the shot-noise measurement is of the order of 0.1 dB. Figure 2 shows the shot-noise-normalized noise of the total VCSEL emission, the p polarization (P -pol.), and the s polarization (S-pol.) as functions of the pump rate, R P I ͞I th 2 1, averaged in a frequency interval of 5 MHz near 47 MHz. The noise of the total emission (see also the inset) decreases below the shot-noise level at R P 4 and shows 0.4-dB amplitude-squeezed emission over a large range of power rate up to R P 12. This amount of squeezing is reasonable if one takes into account the laser's quantum efficiency, 22-25%, and the detection quantum eff iciency of 90%, yielding an overall quantum eff iciency of approximately 20%.
The normalized noise of the two individual polarizations lies above the noise of the total emission, indicating an anticorrelation between the modes. The noise is extremely strong at low pump currents as a result of a polarization switch that occurs at R P 1. A detailed analysis of the inf luence of a polarization switch on noise and correlation behavior will be presented elsewhere. 16 At high pump currents there is again a significant increase in the noise of the two individual modes, which is also visible in the total emission. It is caused by the onset of a f irst-order transverse mode at R P 20. In the following discussion, we concentrate on the pump range R P 4 . . . 12, where the total emission is amplitude squeezed. Here, the normalized noise of the p polarization (strong polarization) lies only 2 dB above the shot-noise level, whereas the weak s polarization shows more than 20-dB normalized noise. This means that the absolute noise powers of the two individual polarization modes are of comparable strength and that the weak polarization cannot simply be neglected despite its 22-dB suppression in intensity. 17 Thus an analysis of the correlation between the two polarization modes has been performed for further insight.
In Fig. 3 the normalized correlation coeff icient between the two polarizations, C, is shown. It is calculated from the absolute noise power of the total emission S and of the two individual noise powers S P and S S by
The correlation coeff icient thus obtained is negative for all pump currents, which means that the f luctuations of the two modes are anticorrelated. However, the anticorrelation is not perfect. Remarkably, the anticorrelation is even weakest ͑C 20.6 . . . 2 0.7͒ for pump currents, where the noise of the total emission exhibits amplitude squeezing, whereas C is close to 21 at low and high pump rates, where the total noise exceeds the shot-noise level. This contrary evolution of the anticorrelation compared with the noise of the total emission is a striking result and a clear indication that the anticorrelation of the two polarization modes is not the dominant mechanism that determines the overall noise characteristic in this device. Amplitude-squeezed total emission is obtained despite the weak anticorrelation between the two orthogonal polarization modes. This is a significant difference from the squeezing observed in the two-mode or multitransverse mode regime, which is characterized by almost perfect anticorrelations. 2, 5 We have observed similar behavior of the anticorrelation in relation to the noise in several transverse single-mode VCSELs. Therefore we deduce that imperfect anticorrelation is typical for an emission regime in which one polarization mode is strongly suppressed and that it does not destroy amplitude-squeezed emission. Our result is different from the conclusions in Ref. 13 , where the authors attribute the excess noise in the total emission of their VCSEL to the imperfect anticorrelation between the strong and the weak orthogonally polarized components of the fundamental transverse mode.
The experimental results are in good qualitative agreement with results of a Langevin rate-equation model for a two-mode VCSEL. The model and its predictions are described in detail in Ref. 14. A general result of the model is that, depending on the power ratio between the two modes, there exist different regimes in which amplitude-squeezed emission is possible: the two-mode regime, which has already been experimentally achieved many times, and the single-mode regime, in which one mode is strongly suppressed. In the latter case, the total emission should be amplitude squeezed independently of the anticorrelation if the power ratio of the two modes exceeds a certain value. The reason for the amplitude-squeezed total emission is the amplitude-squeezed state of the strong mode by itself. This real single-mode squeezing of an individual mode has not been observed experimentally in a VCSEL. However, in addition, the model predicts that, close to this real single-mode regime, there is another regime with a slightly smaller power ratio between the modes in which amplitude-squeezed total emission should still be observed. In this case the noise of the strong mode lies above the shot-noise level but is still low enough that no strong anticorrelation is needed to faciliate amplitude-squeezed total emission. This intermediate regime is achieved in our experiments. The results conf irm that, in the case of the emission of a strong and a weak polarization mode, anticorrelation plays a minor role in the generation of amplitude squeezing, which is caused mainly by the low noise of the strong polarization mode by itself.
In conclusion, we have presented a polarization-resolved analysis of the noise behavior of a small-aperture transverse single-mode VCSEL emitting two polarization modes in the fundamental transverse mode. Using a sensitive detection setup supported by a lock-in amplif ier, we found only an imperfect anticorrelation between the two polarization modes, which is characteristic for the emission regime in which one polarization is significantly suppressed. Nevertheless, the total emission showed amplitude squeezing over a large pump current range. This result demonstrates that the presence of a weak orthogonal polarization mode does not necessarily destroy squeezing despite imperfect anticorrelation between the modes, in agreement with our theoretical predictions. Thus we have demonstrated a squeezing regime that differs from the two-mode or multimode squeezing observed by several groups for transverse modes in VCSELs. Furthermore, we interpret our result in conjunction with the results of the model as a first step toward the proof of real, i.e., transverse and polarization, single-mode squeezing in a VCSEL. Its realization, which according to the model should be possible, e.g., by a further increase in the power ratio between the modes, remains a task for future investigations.
